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Abstract—In this work, we analyze modified bowtie nanoantennas
with polynomial sides in the excitation and emission regimes. In
the excitation regime, the antennas are illuminated by an incident
plane wave, and in the emission regime, the excitation is fulfilled by
infinitesimal electric dipole positioned in the gap of the nanoantennas.
Several antennas with different sizes and polynomial order were
numerically analyzed by method of moments. The results show
that these novel antennas possess a controllable resonance by the
polynomial order and good characteristics of near field enhancement
and confinement for applications in enhancement of spontaneous
emission of a single molecule.

1. INTRODUCTION

Nanoantennas are metal nanostructures used to enhance, confine, re-
ceive, and transmit optical fields [1]. Potential applications of nanoan-
tennas are ultra-high-density optical data storage devices [2], super-
resolution microscopy [3], integrated nano-optical devices [4], opti-
cal communication between functional elements of nanometer size [5],
chemical enhancement for surface-enhanced Raman scattering [6], and
biology [7]. Increasing investigations in this field in the last years is
due to the promising applications, the development of modern tech-
niques of micro and nanofabrication tools such as focused ion beam
milling (FIB), and increasing the capabilities of numerical techniques
of analysis.

One important application of nanoantennas is to enhance the
spontaneous emission of a single molecule. In this process, a molecule
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positioned near a given antenna is excited by the high local field of the
antenna. The analysis of this process can be divided in two regimes:
excitation and emission ones. In the first regime, an incident plane
wave illuminates the antenna and the near field enhancement is the
phenomenon to be investigated. In the second regime, the emitter
localized near the antenna is modeled by an infinitesimal electric
dipole, and the radiation efficiency is the object of interest. The whole
emission performance of the emitter depends on these two processes.

Some conventional nanoantennas that have good characteristics
for the enhancement of spontaneous emission of a single molecule are
linear and bowtie dipoles. Several works have been analyzed linear
nanodipoles with different geometric parameters in the excitation
regime [8, 9] and emission regime [10-13]. The characteristics of bowtie
nanoantennas with different length, bow angles, radius of curvature
of the apex, and gap distance in the excitation regime are presented
in [9,14, 15], and in the emission regime are discussed in [16, 17].

In this paper, we investigate Au modified bowtie nanoantennas
in the excitation and emission regimes. The proposed antennas
possess polynomial sides instead of linear ones of the conventional
triangular antenna. We study numerically several modified antennas
with different sizes and polynomial order by method of moments
(MoM). The analyzed parameters are as follows: spectral response,
near field enhancement and confinement, radiation efficiency and
directivity.

2. THEORY

2.1. Geometry of the Modified Bowtie Nanoantennas

The geometries of the modified bowtie nanoantennas are shown in
Figure 1. In this figure, four antennas made of Au with different
values of the parameter a@ = (1,2,3,4) are presented, where « is the
polynomial order of the sides variation. The polynomial function used
to model the curvature of the sides is = = (y/k1)®, where k; = L/2hY/*,
h = 0.5L(3)%% L is the side length of the conventional bowtie
equilateral triangle. The conventional bowtie antenna corresponds to
the case @ = 1 where the side variation is linear. These antennas
are placed in the origin of the coordinate system with the axis of the
antenna oriented along the x axis. The distance between the arms
of the bowtie dipoles is d, and the thickness in z-direction which is
not shown, is w. With these parameters, the total antenna’s length is
d+ 2h. For higher values of «, the tips of the antenna are more acute.
The surrounding medium where the antennas are placed is the air. It
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Figure 1. Geometries of the bowtie nanoantennas with polynomial
sides. The form of the sides varies as the function = = (y/k1)®, where

ki = L/2h'/® h = 0.5L(3)%°. The conventional case is o = 1.

is known that the principal effect of substrate on a given antenna is to
increase its resonant wavelength [9]. Therefore, to simplify the analysis
and to investigate only the influence of geometry on the antenna
characteristics, we consider the structure without substrate.

2.2. Numerical Model

There are several numerical methods to analyze nanoantennas.
Examples of such methods are the Green’s tensor method with
volume integral equation [18-21], boundary integral method [22], finite-
difference time domain [23], discrete-dipole approximation [24], and
finite integration technique [25].

The nanoantennas shown in Figure 1 were numerically analyzed
by a MoM code based on the model proposed in [18]. In this model,
the equivalent polarization current inside the total volume v of the
antennas Je, = jw[e(T) — o) E(7) = 7(7)E(T) is determined by solving
the tensor integral equation for the electric field

[1 + T,(r) ] E(7) —PV/T(f’)E(f’) -G(r,7)dv' = E'(F) (1)
3jweo v

In (1), PV means the principal value of the integral where the
evaluation is inside the volume v excluding the singularities of the free
space vector Green’s function G. The variables and parameters in (1)
are as follows: E* and E are the incident and total electric field inside
the volume v, respectively, w the angular frequency, ko = w(poeg)/? =
2¢m /A the wave number in the air, A is the wavelength, ¢ is the speed
of the light in free space, ug the free space permeability, ¢y the free
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space permittivity. The complex permittivity of the Au antennas is
€ = €g€,, Where €, is defined

w? = jTw Wi —w? + jyw

€p = €0 —

and the parameters of this equation are: €, = 7, wp1 = 13.8 % 101 s_l,
[ =1.075 x 101571 wy = 2em/ Ao, Ao = 450nm, wyy = 45 x 101471,
and v = 9 x 10" s7! [1]. This model is a good approximation in the
range of wavelengths from 500 nm to 1800 nm. In this frequency range
we fulfill our analysis. N

The excitation of the antennas is represented by E*. Two kinds of
sources are considered in this model: an Ez-polarized, z-directed plane
wave, and an infinitesimal electric dipole with moment p. positioned
in middle of the gap’s antenna and polarized in the x axis (Figure 1).
The first numerical experiment is called the excitation regime and the
second the emission regime.

To solve these scattering problems by MoM, the volume of a given
antenna is divided in N small cubic subvolumes Awv, where the total
electric field is approximately constant. With this approximation, the
integral equation is transformed into a linear system with N; = 3N
equations because there are three electric field components in each
subvolume.

The curved sides of the antennas are approximated by staircase
due the cubic subvolume discretization. The corners of the antenna’s
geometries in the numerical simulations possess finite radius of
curvatures because in these points there are a small number of cubic
subvolumes. Thus, the radius of curvature depends on the size of
the cubic subvolumes Awv. It is important to comment here that we
do not consider non local effects that can occur in the sharp corners.
This effect can be taking into account by using the non local dielectric
function model presented in [15].

The validation of this model was done by comparing the simulation
results for the case of a gold sphere with the analytical Mie
solution [26]. We also did a comparison with a numerical example
presented in [9]. The results of the normalized field enhancement
(|E|/|Fmax|)? in the middle of a conventional bowtie nanodipole is
shown in Figure 2. We observe a good concordance near the principal
resonance Aq.s — 715nm. We believe that the differences in these two
results are due to differences in the numeric models used to solve the
scattering problem and also due to different models of permittivity.



Progress In Electromagnetics Research B, Vol. 32, 2011 61

_MUM
=== Raf 0] |]

2

Normalized field enhancernent (B V|2 mul

o]
oo
T

L
o
T

o
=

&l
[
T

D L L 1 L
500 GO0 700 a0o0 900 1000
Wavelength, A (hm)

Figure 2. Spectral response of the normalized near field enhancement
(|E|/|Emax|)? in the middle of a bowtie nanodipole with A = 40nm,
w = 40nm, d = 30nm, and bowangle = 90°. The continuous curve
was obtained here and the traced curve was obtained in [9].

2.3. Definition of the Analyzed Parameters

The solution of the equivalent linear system produces the total electric
field FE inside the volume v of the antenna. With this result, the near
and far field characteristic parameters of the antennas are calculated.
In the excitation regime, we calculated the near electric field and
scattering cross section respectively by

E'(F) = E'(F) + /T(r/)E(r/) -G(r, 7 )dv' (3)

SCS(0,¢) = 8mnU(0,¢)/|E'[* (4)

where 7 is the free space impedance and U(6,¢) is the radiation
intensity of the scattered far field in a given direction 8 and ¢.

Other characteristics analyzed in this regime are the field
enhancement and spatial confinement. The first one is defined by
(|Et|/|Eo|)?, where |E?| is the amplitude of the total field near the
antenna and FEy is the amplitude of the incident plane wave. The
second characteristic is a spatial distance between 3 dB points where
(|Et/|Eo|)> = 0.5. This parameter is a spatial bandwidth (in
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nanometers) around the maximum field enhancement. In case of the
nanoantennas, this maximum value is in the middle of the antenna’s
gap. In the present analysis, we calculated the spatial confinement
in the axis y and z (Figure 1) and we represent them by o, and o,
respectively.

In the emission regime, we evaluated the directivity D and
radiation efficiency e by [27]

D(0,¢) = 4nU(0,9)/Prad (5)
6(%) = 100 x Prad/(Ploss + Prad) (6)

where Po,q = 027r Jo Udbd¢ and Piyss = Re(—0.5jwe* [ |E*dv) are
the radiated and dissipated power of the antennas. In (6), the
characteristic U is the total radiation intensity due to the scattered
field by the antenna and the radiated field by the infinitesimal electric
dipole.

3. NUMERICAL RESULTS

Based on the theory presented in the previous section, we simulated
several nanoantennas with different polynomial order o and dimensions
L, d and w. We first analyzed four nanoantennas with L = 50 nm,
d = 10nm and o = (1,2,3,4) for Ny = 4608, 5460, 6516, and
7896, with Av = 2.38 x 2.38 x 2.38nm?, Av = 2 x 2 x 2nm?,
Av =1.72x1.72x1.72nm?> and Av = 1.5 x 1.5 x 1.5 nm?, respectively.
The maximum fraction of the discretization to the wavelength is
2.38/500. With these discretizations we have a good convergence of
the results. The thicknesses used in the simulations are w = 9.5; 10;
10.3; 10.6 (nm) for the antennas with a = (1,2, 3,4) respectively. We
also simulated nanoantennas with o = 3 for different values of L and d.
In these simulations, eight nanoantennas were analyzed with L = 75;
100; 125; 150 (nm) for fixed d = 10 nm, and d = 5; 15; 20; 25 (nm) for
fixed L = 50nm. The following sections present these results.

3.1. Near Field Distribution

In this section, we analyze the electric field distributions near the
nanoantennas and its spatial confinement properties in the excitation
regime. Firstly, we investigated the distributions of the electric field
components x, y, and z for the antenna with « = 3 at the main
resonance A, = 1030 nm. The results are presented in Figure 3, where
we observe that the values of the components z and z are larger than
the component y in the plane z = 10nm (Figures 3(b)—(d)), and the
x component (Figure 3(b)) is more confined in the antenna’s gap. We
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Figure 3. Near field distributions of the nanoantenna with o = 3,
L=50nm, d=10nm, w = 10.3nm and h = 43.3nm in A\, = 1030 nm.
(a) |Exl/|Eol in yz, and (b) |Bal/|Bol, (¢) |E,|/|Eol, () |E.I/|Ey| in

z = 10 nm.

also observe that there is only the component x at the plane yz between
the arms of the dipole (Figure 3(a)). From these results, we conclude
that in the antenna’s gap, the principal polarization is the component
x. If a molecule is positioned in the middle of this dipole, the antenna’s
field will excite in the molecule a electric dipole moment p. along the
axis x, this is why we analyze in this paper only this polarization in the
emission regime. The results of this emission regime will be presented
in the next section.

To make a comparative analysis of field distributions of
nanoantennas with different parameter «, Figure 4 shows the variation
of the normalized total field near the nanoantennas with a = (1,2, 3,4)
at the plane z = 10nm. This plane is approximately 5nm above the
antenna’s surface, because the antenna’s thickness are variable, i.e.,
w = 9.5; 10; 10.3; 10.6 (nm) for the antennas with o = (1,2,3,4)
respectively. The dimensions of the antenna are L = 50nm and d =



64 Costa and Dmitriev

-60 -40 -20 0 40 60 ) -60 -40 -20 0 40 60

x (o) * x () *
Figure 4. Normalized near field |E|/|Ep| distribution at the plane
z = 10nm of the modified nanoantennas with L = 50 nm, d = 10nm
and h = 43.3nm. (a) « =1 (w = 9.5nm) in A\, = 675nm, (b) a = 2
(w=10nm) in Ay = 840nm, (¢) & = 3 (w = 10.3nm) in A\, = 1030 nm,
and (d) « =4 (w = 10.6nm) in A\, = 1194 nm.

10nm, and the wavelength where these distributions were calculated
are the principal resonances )., that will be analyzed in the next
section. In this figure, we observe the better field confinement of the
modified antennas than that for the conventional one.

To analyze the spatial confinement, we present in Figure 5 the
variation of the normalized field along the axis y and z. The spatial
confinement parameters o, and o, are presented in Table 1. We note
that these antennas possess higher confinement along the axis y than
the axis z, and the highest confinement in the axis y is for the modified
antennas with o = 2, where o, = 5.8 nm. The confinement in the axis y
depends on the value of the polynomial order («), and the confinement
in the axis z depends on the antenna’s thickness w. All the antennas
in Figure 4 possess approximately the same values of w, this is why
they have comparable values of o,.
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Figure 5. Field distributions along the axis y (upper) and z (down)
of the modified nanoantennas with L = 50nm, d = 10nm and
h = 43.3nm, for « = 1 (w = 9.5nm) in A\, = 675nm, o = 2
(w =10nm) in A\, = 840nm, a = 3 (w = 10.3nm) in A\, = 1030 nm,
and @ =4 (w=10.6nm) in A\, = 1194 nm.

3.2. Spectral Response in the Excitation Regime

Figure 6 shows the spectral response of the normalized field (|E|/|Eo|)
in the middle of the antenna’s gap (the origin of the coordinate system)
and the scattering cross section in the +z direction (SCS.) of the
nanoantennas with o = (1, 2,3, 4). These characteristics were obtained
by (3) and (4) in the excitation regime. We observe in these results two
principal resonances in A, and A, (A, > \p), which are the same for the
near field (|E|/|Ep|) and far field (SCS;). The first resonance is the
dipolar one and the second one represents the higher order multipolar
resonances. These resonances are red shifted for large values of «, but
the variation of A\, is higher than A,. We conclude that the resonance
Aq is more sensitive with the geometric parameter a than the resonance
Ap, and this parameter can be used to tune the resonance of a particular
antenna.

These results show that for a given bowtie nanoantenna with fixed
values of L and d, the resonances can be controlled by the polynomial
order . This occurs because for larger values of «, the lengths of
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the curved sides are higher, and the resonant wavelength A\, of the
dipole resonance is proportional to this length of the curved sizes. This
resonant behavior is similar to the case of microwave antennas [27].
The values of |E|/|Ey| and SCS, at the resonances A\, and X\, are
different. In the near field region, the main resonance is A,, where
it presents highest values of |E|/|Ey|. In the far field region, the
maximum values of SCS, are obtained in )y, the exception is the case
a = 2 (Figure 6). Table 1 summarizes the values of some parameters
of these antennas at the resonance A,. This table shows that the
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Figure 6. Spectral response of the normalized field in the middle of
the antenna’s gap and scattering cross section in the direction +z of
the modified bowtie nanoantennas with o = (1,2, 3,4) with L = 50 nm,
d=10nm and h = 43.3 nm.

Table 1. Parameters of nanoantennas with L = 50nm, d = 10nm
and h = 43.3 nm.

Parameter a=1|a=2|a=3 | a=4

Resonant wavelenght, A, (nm) 675 840 1030 | 1194
Field enhancement, (|E|/|Eol)? 180 692 508 524
Scattering cross section, SC'S, (nm?) 180 93 44 35
Spatial confinement in y, oy (nm) 7.7 5.8 6.9 7.6
Spatial confinement in z, o, (nm) 11 10.4 11 11.8
Thickness, w (nm) 9.5 10 10.3 10.6
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modified dipoles with o« = (2, 3,4) have higher field enhancement than
the conventional one (a = 1), and the highest value is 692 for the case
a = 2. The scattering cross section of antennas with larger values of
« are smaller, this is due the different physical areas of the antennas.
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Figure 7. Variation of the spectral response of the normalized field in
the middle of the antenna’s gap for the nanoantenna with a = 3. (a)
Variation with the length L. (b) Variation with the length d.
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Figure 8. Variation of the normalized field and resonant wavelength
Ao versus the total antenna’s length 2 x h + d and versus distance
between the arms of the nanoantenna d. These results are for the
antenna with o = 3.
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Figure 7 presents the dependence of the spectral response of the
antenna with a = 3 on the lengths L and d. The parameter shown
in these figures is the normalized field |E|/|Ep| in the middle of the
antenna’s gap. Figure 8 shows the variation of the normalized field
and resonant wavelength A, versus the total antenna’s length 2 x h+4d
and the distance between the arms of the dipole d. We observe in these
figures that when the size L of the antenna is increased, the main
resonance )\, and the normalized field are almost linearly increased.
On the other hand, the variation of these parameters with d are nearly
constant for \,, and approximately exponential for |E|/|Ey|. For lower
distances d, this normalized field increases rapidly.

3.3. Directivity and Efficiency in the Emission Regime

In this section, we present the numerical results of the modified bowtie
nanoantennas in the emission regime, where an infinitesimal electric
dipole localized in the middle of the nanoantennas is the source of the
antenna system (Figure 1). The polarization of this infinitesimal dipole
is in the = direction and its moment dipole is p.. This polarization
was chosen because in the excitation mode only the component x
of the electric field exists in the middle of the bowtie nanoantennas
(Figure 3). The results presented here are the directivity D in the
+z direction (@ = 0°) and the radiation efficiency e as defined in (5)
and (6) respectively.

Figure 9 presents the spectral response of D and e of the bowtie
nanoantennas with a = (1,2, 3,4), for L = 150nm and d = 10 nm. We
can see the maximum efficiency of each antenna occurs at the same
resonant wavelengths A, and ), of the excitation regime. We also
observe that the efficiencies of these resonances are reduced for larger
values of a.

With respect the results of D in Figure 9, all the antennas possess
D =~ 1.5 at the resonances A, and A\;. This shows that these antennas
have a radiation diagrams similar to that of an infinitesimal dipole in
these resonances. The values of D near the wavelength A = 550 nm are
a little different of 1.5. We believe this is due the plasma resonance of
Au, but this effect is not important in the analysis because it occurs
far from the resonance of the antennas, where the radiation efficiency
is very small. Thus, the radiation characteristics of these antennas are
similar to those of electrically small antennas, because the total length
2 X h + d of them are smaller than the resonant wavelengths A, and
Ap, SO their directivities are constant in a wide range of the analyzed
wavelengths.

To investigate the dependence of radiation efficiency e on the
dimensions L and d, Figure 10 shows the variation of the spectral
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response of e in function of the sizes L and d. These results were
obtained for the nanoantenna with a@ = 3, d = 10nm in Figure 10(a)
and L = 50nm in Figure 10(b). We observe that the maximum
efficiency also occur in the same resonant wavelengths A, and A, of
the excitation regime presented in Figure 8. For larger values of L
with d fixed, the antennas have better radiation efficiency, as well as
for larger d with L fixed, they also have higher efficiency.

Figure 11 presents the variation of e at the resonances )\, and
Ap in function of the total length 2 x h + d and d. The results
of these figures show that the radiation efficiency is very small for
nanoantennas with L = 50 nm, for example in d = 10 nm the efficiency
is e < 1%, but it increases exponentially with d. This approximately
exponential variation is for the resonance of \,, and for the resonance
of )\, the efficiency remains practically constant. The increasing of e
with 2 x h + d is approximately linear for the two resonances A\, and
Ap. These results are in accordance to those previously observed for
conventional bowtie antennas with different values of L and d [9, 14].

With the results presented in this section, we conclude that the
modified bowtie nanoantennas with a > 1 possess smaller radiation
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80 100 120 140 160 180 200 220 240 260 280
Total length, 2:k+d (nm)

1.8 T T T
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Figure 11. Variation of the radiation efficiency at resonances A, and
Ap versus (upper) the total antenna’s length 2 x h + d and (down)
distance between the arms of the nanodipole d. These results are for
the antenna with o = 3.
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efficiency than that of the conventional one with o« = 1 and their
directivities are equal to 1.5 at the principal resonances. However,
we can rise up the radiation efficiency with the increasing of the
dimensions L and d.

4. CONCLUSIONS

In this paper, we presented a theoretical analysis of modified bowtie
nanoantennas with polynomial sides in the excitation and emission
regimes. We observed in the excitation regime that the resonances
of the modified antennas are shifted to higher wavelengths and the
electric field in the middle of the gap’s antenna is increased, where it
presents only polarization along the axis of the dipoles. Also, the field
confinements of the modified antennas are higher than the conventional
one. In the emission mode, we noted that the maximum radiation
efficiency of all antennas occurs at the same resonant wavelengths
obtained in the excitation regime, and the values of these efficiencies,
for the modified antennas, are smaller than those of the conventional
one with the same dimensions, but it can be increased for larger
antenna’s size and gap distances between the arms of the dipoles. With
respect the directive properties of these antennas, all the cases analyzed
presented directivities similar to that of an electrically small antenna.
With all these results, we conclude that the modified bowtie
nanoantennas have higher near field enhancement and confinement,
and smaller radiation efficiency than those of the conventional bowtie
antenna with linear sides. With appropriately chosen dimensions,
these novel nanoantennas can be used, for example, to enhance the
spontaneous emission of single molecules positioned in the middle of
the antenna’s gap. Future works can be the analysis the characteristics
dependence of these antennas on the thickness, orientation of the
incident plane wave, and the polarization of the emitter in the gap.
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